We show that a strong laser pulse combined with a strong x-ray pulse can be employed in a detection scheme for characterizing high-energy γ-ray pulses down to the zeptosecond timescale. The scheme employs streak imaging technique built upon the high-energy process of electron-positron pair production in vacuum through the collision of a test pulse with intense laser pulses. The role of quantum radiation reaction in multiphoton Compton scattering process and limitations imposed by it on the detection scheme are examined.
INTRODUCTION
In recent years attoscience has emerged 1 allowing time-resolved studies of atomic processes. State-of-the-art light sources are capable of producing pulse trains 2, 3 as well as single attosecond extreme ultraviolet (XUV) pulses. 4, 5 For time-resolving the intra-nuclear dynamics, 6, 7 γ-rays with zeptosecond duration and with photon energies larger than MeV are required. There are suggestions to produce zeptosecond pulses of high-energy photons by employing the relativistic oscillating mirror of an overdense plasma surface in a strong laser field, 8, 9 the laser light reflection by a relativistically moving electron density modulation (flying mirror) in a plasma wake of an intense laser pulse 10, 11 or via nonlinear Thomson/Compton backscattering. [12] [13] [14] Double pulses of yoctosecond duration of GeV photon energy could be created in non-central heavy ion collisions. 15 For the characterization of short light pulses, a variety of methods is employed. Autocorrelation schemes use the test pulse and its time-shifted replica (FROG 16, 17 ) or the time-and frequency-shifted replica (SPIDER 18, 19 ), while cross-correlation schemes are based on the correlation between the test XUV pulse and a femtosecond infrared laser pulse. The latter can be weak, inducing few photon effects (RABBITT 2 ) or strong, yielding attosecond streak imaging. [20] [21] [22] Streak imaging 20 is a powerful yet conceptually simple method, in which a short test pulse (TP) and a streaking pulse (SP) co-propagate. A nonlinear mechanism converts photons from the TP to electrons in the presence of the SP. The final momentum distribution of photo electrons depends on the phase of the SP at the electron emission moment and hence provides information on the duration and the chirp of the short pulse. The efficiency of the streaking is directly related to the conversion mechanism of photons to electrons that depends on the photon energy. The atomic photoionization or Compton ionization can be used as the conversion mechanism of streaking in the case of XUV or hard x-ray photons. For short pulses of γ-rays a new conversion mechanism is required to realize streaking in the sub-attosecond and super-MeV regime.
THE SHEEP CONCEPT
The γ-photons of the TP under characterization collide with a counter-propagating infrared IP of linear polarization and are converted into electron-positron pairs. The SP co-propagates with the γ-ray pulse and is linearly polarized. For simple streaking dynamics, the polarization of the SP and IP are chosen to be perpendicular, with IP polarized along the xand the SP along the y-axis. The most important requirement for SHEEP is that a sufficient number of electron-positron pairs is created by the laser fields. The strong field pair production process is governed by two relativistic invariant parameters ξ = e A μ A μ /m and χ = e (F μν k ν t ) 2 /m 3 , 24 where A μ and F μν are the vector potential and the field tensor of the laser fields, respectively, and e = −|e| and m are the charge and the mass of the electron. In the chosen geometry χ = (k i k t )ξ i /m 2 = 2ω i ω t ξ i /m 2 and ξ 2 = ξ 2 i + ξ 2 s , with the 4-momenta k i , k t and frequencies ω i , ω t of IP and TP, respectively and the field parameters ξ i , ξ s of the IP and SP, respectively. In our case, χ depends only on the field of the counter-propagating IP via ξ i because the role of the intense laser field in the pair production process by a γ-photon is the compensation of the momentum of the γ-photon which the co-propagating SP photons cannot fulfill. The pair production probability in a counterpropagating laser field is exponentially damped when χ 1: w e + e − ∝ χ 3/2 exp(−8/3χ), while w e + e − ∝ χ 2/3 at χ 1. 24 The exponential suppression of the pair production probability is avoided if χ > 8/3. The condition χ ∼ 1 is equivalent to n i0 ∼ n c , where n i0 is the number of absorbed laser photons at the threshold of the process, n c ∼ ξ 3 i is the characteristic number of photons involved in the strong field multiphoton processes. An expression for the number of absorbed laser photons can be derived from the energy and momentum conservation at the threshold of pair production: n i0 = m 2 * /(ω i ω t ). In fact, in the center-of-mass frame of the produced particles the energy-momentum conservation yields 2γ cm n i0 ω i = ω t /2γ cm = m * , whereγ cm is the Lorentz-factor of the center-of-mass frame. At χ ≈ 8/3, the number of produced pairs can be estimated 24
where α is the fine structure constant, N t the number of photons in the TP, and τ i the IP duration (h = c = 1 units are used throughout the paper).
ACHIEVABLE RESOLUTION
Electron and positron are created in a certain phase of the SP. During the further motion of the electron (positron) in field of IP and SP, the signature of the initial phase of the SP in the electron (positron) energy exchange with the laser fields will be maintained if the electron momentum is far from the resonance condition corresponding to the stimulated Compton process driven by the SP and IP: ω i ω s , where ω i = 2γ R ω i , ω s = ω s /2γ R are the Doppler-shifted frequencies of the IP and SP in the electron rest frame, respectively. In the Lab frame this condition reads 2ω i ω 2 t ω s ξ 2 i /m 2 . 23 The electrons (positrons) created at different initial phases of the SP gain different amounts of energy during the motion in the laser fields. The larger the energy gain, the higher the streaking resolution. In particular, the SHEEP will work if the energy difference ΔE due to streaking for any two electrons created in TP exceed the energy uncertainty of the TP, ΔE 1/τ t , as well as the bandwidth Δω t of the γ-ray beam ΔE Δω t . In this section, we calculate the electron (positron) energy gain ΔE during the motion in the superposition of the IP and SP using relativistic classical equations of motion for estimation of the resolution limits.
The transversal components of the electron momentum with respect to the laser propagation direction z are immediately derived from the canonical momentum conservation,
where η = ω i (t − z) and ζ = ω s (t + z). The initial conditions are determined as follows. Due to the off-resonance condition ω i ω s , the variation of the IP phase η is much larger than 2π during the electron (positron) creation time, while the phase ζ is almost constant. Accordingly, the electron is born at a ζ = ζ 0 with an average (over the phase η) momentum q = (q x , q y , q z ): p η | ζ=ζ0 = q. The equations for the longitudinal momentum p z and the energy E read:
where β is the electron velocity in units of the speed of light. From the latter, the quantities Λ ≡ E − p z and Π ≡ E + p z obey the following equations
We introduce independent variables η, ζ: 
∂Π ∂η
We solve Eqs. (7)- (8) by the perturbation theory with respect to : Λ = Λ (0) + Λ (1) and Π = Π (0) + Π (1) , where Λ (n) , Π (n) ∼ n . The following initial conditions are used upon switching off SP (A s (ζ) = A s (ζ 0 )):
While the initial conditions upon switching off IP (A i → 0) are
Taking into account that
withq 2 ⊥ = q 2 x +q 2 y andq y ≡ q y + A s (ζ 0 ), the Eqs.(7)-(8) in 0 -th order read:
From Eqs. (14) (15) ,
with arbitrary functions f (ζ) and g(ζ). The latter are determined from the initial conditions Eqs. (9-12), yielding:
After the interaction with the IP and SP A i (η), A s (ζ) → 0,
which determine the electron energy after the interaction
.
The electron and the positron are produced not only at the threshold with zero momentum in the center-of-mass frame but also above-threshold. The number of absorbed IP photons at the threshold is n i0 = m 2 * /ω t ω i . The width of variation of the absorbed laser photons (n i ) from the threshold value (n i0 ) is of order δn i ∼ n i0 . 24 Absorbing n i photons from the laser field, the particles in the center-of-mass frame are born with an energy E cm = √ n i ω i ω t and with the polar emission angles θ, φ for the positron. In fact, E cm = √ n i ω i ω t follows from the energy-momentum conservation in the center-of-mass frame: 2γ cm n i ω i = ω t /2γ cm = E cm . The momenta and energy of the particles in the lab frame then are p
Here, ± indices correspond to the positron and electron, respectively, and δ ≡ δn i /n i < 1/ √ 2, and β n ≡ (ω t − n i ω i )/(ω t + n i ω i ) ≈ 1. After the interaction with the laser fields (A i (η), A s (ζ) → 0), the momenta and energy of the particles are given by
Since the values {θ, φ, δ, ζ 0 } can be deduced from the measured {p x , p y , E + , E − }, the coincidence measurement of the electron and positron momenta after the interaction provides information on the pair production phase ζ 0 in the SP. The energy difference ΔE of two electrons created at two different ζ 1 and ζ 2 can be derived using the following expressions:
Using Eq. (26) and assuming ξ i ξ s , the resolution conditions ΔE 1/τ t , Δω t become
At last, basic preconditions for streak imaging should be mentioned that the TP length τ t is shorter than half of the SP wavelength λ s = 2π/ω s , and that the streaking signal exceeds the noise level, 1
where S/N is the signal-to-noise ratio for the laser fields.
RADIATION REACTION
In this section we discuss the role of radiation reaction in the SHEEP operation. The electron (positron) moving in a strong laser field can radiate via multiphoton Compton scattering which may alter the electron dynamics and disturb the SHEEP operation. Let us estimate the radiation back reaction. The photon emission probability during the motion on the radiation formation length is of order of α. The characteristic energy of the emitted photon in the electron average rest frame (R-frame) is ω c ∼nω 0 , where ω 0 is the laser frequency in the R-frame, n ∼ ξ 3 is the effective number of the emitted harmonics. 24 According to, 25 ω 0 = (ε 0 + p 0 )ω 0 /ε 0 , with the electron initial energy ε 0 and momentum p 0 before entering the laser pulse in the Lab frame and the electron energy in the R-frame ε 0 ∼ mξ. As a result, ω c ∼ χε e , with the χ parameter of the electron χ = ξ(ε 0 + p 0 )ω 0 /m 2 . Therefore, the radiated energy in the R-frame during the radiation formation time is Δε (f ) rad ∼ αχε 0 . When the electron moves in a laser field, the phase interval corresponding to the formation time is Δφ f ∼ 1/ξ, 24 the radiated energy during the laser period, i. e. within a phase interval of Δφ ∼ 1, will be: Δε
The radiation reaction will be significant if the energy loss of the electron due to radiation during the motion in one laser period is comparable with the electron initial energy: Δε (T ) rad > ε 0 . The latter condition reads αξχ > 1. The probability of a photon emission during a phase interval Δφ is w ∼ αξΔφ and during one period w T ∼ αξ. The parameter indicating the role of the emitted photon recoil is ω c /ε 0 ∼ χ. When χ 1 the photon recoil is negligible and the classical description is valid. Even though in classical theory the radiation reaction force is a perturbation in the rest frame of the electron, in the Lab-frame it can be the dominant force. 26 Accordingly, a radiation dominated regime (RDR) for Thomson scattering can be identified 27, 28 when the radiated energy during the driving laser period is of order or exceeds the electron energy. The latter condition determines the RDR parameter: R ≡ αξχ > 1.
When χ > 1 the quantum effects become conspicuous. The effects of radiation reaction in the quantum regime can be classified as a) quantum effects due to close coupling of different channels of photon emission because of rescattering of photons by the radiating electron 29 and b) quantum effects due to the multiple recoils experienced by the electron in emitting photons. 30 In the usual formalism of perturbative QED, the quantum effects a) are compounded with radiative corrections 31 and carry out all singularity problems transferred from the classical radiation reaction theory. The effects a) can have influence on the radiation formation length. This influence can be quantified by a parameter κ which is the ratio of the electron energy change due to radiation reaction on the radiation formation length to the electron energy: κ ≡ Δε
The mentioned effect can be significant κ > 1 mostly in the region of nonperturbative QED (αχ 2/3 > 1). 24 Moreover, the latter region is not achievable by laser fields in foreseeable future and we will not touch upon the effects of kind a). In a domain of αχ 1, Compton scattering in the radiation formation length is not disturbed by the radiation reaction effects of type a), while those of kind b) must be taken into account if χ > 1. The quantum recoil in the emission of one photon is incorporated in the standard QED via the energy-momentum conservation delta functions and does not require special consideration. However, the electron can emit successively multiple photons. When αξ 1 multiple photon emission happens during one period which can take place in experiments with existing strong lasers intensities exceeding 10 22 W/cm 2 . 32 Then, to consider the quantum effects b), one has to take into account the change of the electron state in each successive photon emission event which happens in a statistically uncorrelated way. Radiation reaction effects in the interaction of an electron and a strong laser field in the quantum regime are investigated in the work. 33 The quantum radiation reaction is identified with the multiple photon recoils experienced by the laser-driven electron due to consecutive incoherent photon emissions. In this regime radiation reaction affects multiphoton Compton scattering spectra which can be measurable with already presently available laser systems. In particular, inclusion of the RR in the quantum regime increases of the spectral yield at low energies, shifts to lower energies of the maximum of the spectral yield, and decreases of the spectral yield at high energies (photon piling).
Returning to the SHEEP problem, we estimate the probability of a photon emission in the multiphoton Compton process w C ∼ αξ i N i in the strong field of IP with number of cycles N i . The photon emission will be negligible when
In the streaking regime χ ∼ 1, therefore, αξχ 1, while only in the opposite limit, αξχ > 1, the radiation dominated regime of multiphoton Compton scattering is entered. This condition can be weakened to αξ i N i ∼ 1 by selectively dropping Compton scattering events, which can be identified by comparing momenta of the electron and positron after the interaction.
THE SHEEP PARAMETERS
There are different possibilities to realize SHEEP. The IP should be a short and relatively strong laser field with ξ i ∼ 1 − 10, N i = 3 − 30 as required from Eq. (30) . The minimal photon energy of the TP depends on the IP frequency and intensity, given by the condition χ ∼ 1. Thus, at an infrared IP with ξ i = 10, corresponding to a laser intensity of I i = 10 20 W/cm 2 , one obtains ω t min = 30 GeV, while in the case of an ultraviolet IP with ξ i = 1 (ω i = 1000 eV, I i = 10 24 W/cm 2 ), instead ω t min = 300 MeV. Three regimes for SHEEP can exist with SP of different frequency: femtosecond TP with ω s = 1 eV, attosecond TP with ω s = 100 eV and zeptosecond TP with ω s = 1 keV. If the TP bandwidth is Δω t /ω t ∼ 0.1, ξ s /ξ i > 0.1 will be required. The required infrared IP with an intensity of 10 20 W/cm 2 is routinely available in many labs. The intense high-frequency SP/IP with photon energies in the 0.1 − 1 keV range can be produced in the ELI facility via high-order harmonic generation at plasma surfaces. 34
CONCLUSION
We have presented a detection scheme for the characterization of short γ-ray pulses of the GeV photon energy range. Sub-attosecond time resolution could be achieved in the upcoming ELI facility using strong XUV pulse via high-order harmonic generation at overdense plasma surface. Restricting the intensity of the applied infrared laser field, radiation reaction effects can be avoided.
